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INTRODUCTION 



Numerous articles have already been written regard-* 
ing currents in "bent pipes and elbows and on the present 
problem, namely improving the flow in a sharp "bend by in- 
stalling guiding devices. Nevertheless the designing of 
wind tunnels for aerodynamic experiments called for new 
and more comprehensive tests. There was also need of im- 
proving the flow in the bends of gas and liquid conduits, 
as, e.g. 9 in the smoke flues and ventilating shafts of 
large fact or ies . 

Several devices have been tested in wind tunnels 
(reference l), and the results of a series of model tests 
in bends (reference 2) and elbows (reference 3) with 
built-in partitions and guide vanes have already been 
published. There is, however, some hesitation about a- 
dopting these forms for newly projected wind tunnels, in 
which the maximum economy in the driving force is neces- 
sary, due to the much greater performances required. Since 
the previous forms were determined empirically for the 
most part, there was no WMf of telling whether they could 
be used in other dimensions without modification. In par- 
ticular the influence of the cross-sectional shape of the 
tunnel was not fully determined. 

Every deflection of a liquid or gas current involves 
losses and a disturbance of the state of motion. V. ; hen 
there is a regular velocity profile more or less developed 
before the deflection according to the length of the ap- 
proach (reference 4), an entirely different picture is ob- 
served after the deflection (reference [5). a new velocity 
distribution is produced by the centrifugal forces. There 

* "Schauf elgitter zur Umlen&^.ng von FllU s igkeit s st r flnungen 
mit geringem Energiever lus t . " Ingeni eur----rchiv , vol. Ill, 



1932, pp. 516-541. 
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are also disturbances due to friction (secondary flows and 
separation from the outer and inner walls). The energy 
losses and the disturbance of the velocity & i s t r ibut i on In 
flowing through a bend or elbow increase with the sharpness 
of the bend. The energy losses may amount to about ICO vqt 
cent of the momentum of the flowing medium, an based on the 
mean velocity in the inlet cross section* (reference 6). 

The main reason for the great losses in the standard 
bends with small radius Of curvature is the marked separa- 
tion from the inner side of the bond. To this are added 
the losses due to the lost kinetic energy of the vortices 
of the secondary flow and to the increased friction in the 
adjoining channel rosv.lt ing from uneven velocity Distri- 
bution and from the consumption of energy ia bhe restora- 
tion of the undisturbed distribution. 

It is therefore of prime importance to adopt measures 
for preventing separation and secondary flows* The most 
effective remedy is the division of the curve C portion of 
a broad channel with unfavorable ratio of the radius of 
curvature R to the width b into a series of narrower 
channels with more favorable R/b ratio. 

The transverse momentum of the deflected air stream 
to be absorbed is divided tei^eea all the intermediate and 
outside walls, so that the pressure increi.se. on each wall 
is mucn smaller and the danger of separation is diminished. 
Tne lormation of secondary vortices is also greatly dimin- 
ished.** 

There are two principal ways of dividing the channel: 

1. division of a bead with unfavorable R/b ratio by 
installing partitions throughout the entire bend, as shown 
in figure 1, the widths of the individual channels being so 
adjusted that each will have the same ?./b ratio. 

*The writer obtained about 160 percent in a:e eieow of squar 
cross section and very short approach. 

**Aside from the possibility of improvement by the installa 
tion of partitions, there are also other ways for attaining 
the same goal. I have in mind particularly the removal of 
the boundary layer by suction, although this method has yet 
yielded no positive resultSt Siece this method, moreover, 
necessitates great expenditures for structural parts, wind 
tunnels, and sometimes even pumps, etc., it is seldom em- 
ployed. 
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2. Ihe installation of Wing- 1 ike guide vanes which 
rroduce the requisite transverse force for deflecting the 
air ctream. Those vanes may be either plain (fig. 2a) or 
streamlined (fig* 3Tb ) . 

Ihe first way (fig. 1 ) was once quite thoroughly in- 
vestigated "by the writer. In order to obtain a good ve- 
locity distribution in the cross section immediately after 
the "bend, it was necessary to install a large: number of 
partitions. This naturally entailed much surface friction, 
which was manifested in a high resistance and f;reat reduc- 
tion of the velocity behind the partitions. In the most 
favorable case the energy loss was 23 to 24 percent of the 
original momentum, while losses of only ah out 15 percent 
with wing-like piide vanes had ooe.i obtained in previous 
years . 

In experiments with par bit ions in the bend* it was 
found best to widen all the component channels in the mid- 
dle of the "bend in such a way as gradually to diminish the 
curvature of the walls fro-p the leading ed/e to the trail- 
in.,, edge.* 

When it is desired to deflect a current so that its 
nature (i.e., its velocity and pressure distributions 
throughout the cross section) will be disturbed as little 
as possible, the deflection is best pro duped by only .one 
set of vanes forming a sort of » grid 0 without involving 
the walls, since otherwise, due to their fundamentally dif- 
ferent shape with respect to the air stream (the outer wall 
being concave and the inner us 11 convex), un symmetrical re- 
lations always exist* The problem is therefore to develop 
a form of grid, which will deflect a current through a 
large an^le with gcoc efficiency 7/itho 1 ut affecting its ve- 
1 o c i t y . 

It seems logical, in calculating the guide vanes, to 
assume a pure potential flow. Closer investigation, how- 
ever, shows that this alone do^s not suffice. leather it is 
necessary to allov: for the efiect of the- energy loss on the 
pressure aistri:ution over the guide-vane profiles. This 
is done in what follows. The effect of the viscosity on 
the loss of energy is also considered, and, lastly, the re- 
sults of an investigation of the vortex region behind, the 

♦The subsequently reported Ulppert experiments showed that 
it was advisable to f educe the radius of the outside wall 
of a right -angle bend so that the channel would he somewhat 
wider in the center of the bend. 
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guide vanes are given. 

There is a fundamental difference "between the present 
investigation and. the previously reported investigations 
by Christiani (reference 6), Schilhansl (reference 7) and 
others (reference 8). The object of these investigations 
was to determine the physical flow characteristics of giv- 
en profile forms, while here a method is shown for deter- 
mining a profile form with definite characteristics (def- 
inite circulation). 

Hi DETEBliIlfi*T I Oil OF FAVORABLE PROFILE FORMS 
IH CURVILIjTEAB CURRENTS* 
1. The Method 

The method proposed here for the development of the 
guide vanes is based on the following line of reasoning, 
The flow through the deflecting 0 rid may be regarded in 
first approximation as a potential flow. According to the 
method of Dr. 3et« (references 9 and 10) we will first im- 
agine the guide vanes replaced by a scries of concentrated 
vortices. The strength of each vortex must equal the cir- 
culation about the vane replaced "by it and is easily cal- 
culated from the required deflection of the flow for a pre- 
determined distance "between the vanes. 

In the field of potential flow determined by the vor- 
tex strength and the inflow velocity, a profile, whose 
characteristics in parallel planar flow are Jcnown and which 
has the requisite circulation, is conformally transformed, 
so that the center of gravity of its circulation falls in 
the line connecting the individual vortices replacing the 
other vanes. In the transformation we must allo-7 for the 
effect of friction, as already indicated. In the transfor- 
mation of the profile, the curvature is changed and conse- 
quently the pressure distribution, as likewise the pressure 
increase which in turn produces significant changes in the 
"behavior of the "boundary layers. In this work it was found 
that the displacement of the center of gravity of the cir- 
culation may considerably affect the results. 



*In the preparation of this section, I have been greatly 
assisted by Dr. Betz. 
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From the outset ^7e must expect that the deflecting 
system, thus determined, will always require certain cor- 
rections, since the field of flow, which forms the basis 
for the transformation, can be only approximately correct. 
a second approximation can he made, not by calculating 
the field o^ flow with the aid of cov. cent rated vortices, 
but "by suitably distributing the circulation over the pro- 
file found according to the first approximation and then 
calculating anew the field of flow and repeating the trans- 
- formation. (This 11 detachment " of the vortex is possible 
only When the first approximation of the profile form is 
known, since there is otherwise no "basis for the location 
of the elementary circulation). 



2. Development of the Profile of First Approximation 

a? Calculating the fi eld of f low.- We will first con- 
sider a flow deflection Of 00 degrees. -he potential func- 
tion of the: vortex series, which is conceived as r op lacing 
the vane can oe calculated, since the plane of the t r .;rid 
(which will be called the z plane) can he represented hy 
a simple periodic function on a plane with only a single 
vortex ( £ plane}' (reference 9). 

A graphic method based on this relationship, as pro- 
posed by Beta (reference 10), was used for plotting the 
flow diagram. The flow through the grid §an be represented 
by the superposition (l) of a parallel floV perpendicular 
to the direction of the b rid and (2) of a flo v which is 
produced by all the vortices replacing the vanes and which 
is essentially parallel to the grid and therefore causes 
the deflection of the current (fig, r 6) . 

In figures 3 and 4 we have: 3, division of grid 
( - distance between vortices); v, velocity comrcneno nor- 
mal to direction of grid; u, velocity component parallel 
to grid; w, resultant velocity before and behind grid* 

At a great distance from the -rid (fig. 3): 

1. -he velocity components v - v ?> resulting from 
the parallel flow, (At a great distance, the vortex series 
produces no motion normal to the grid • direction) 

2. The velocity components vu and u 2 , resulting 
from the vorte;: series tt s = -U|« 



r 
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i'ear the grid we must distinguish (fig. 4) between 
V = v + v 1 and U * u- , where v! and u 1 are the 
flow velocities induced "by the vortex series., (in un- 
symxaetrical flow involving a change of w another par- 
allel component u had to "be added. ) 

In figure 3, if a field of the width s is laid out 
the line integral along the "boundary lines is just equal 
to the circulation of a vortex. The length l is so 
great that, in the field of the boundary lines parallel 
to the ■ grid-,' the fluctuations of U and V have died out. 
The circulation then becomes - t 

+i/ 2 -I /a 

p = s m + / V d I - s u 2 + / V d I 

or 



•r ~- s(u x - u 3 ) 
since , 

+1/2 -1/2 

• »• / ¥ 4 I « - / T i 1 

The total deflection, corresponding to the problem, is 

90 degrees, and v.* therefore incloses, with u, an angle 

of' 4o degrees, Hence we can alco write 

P = s w ,/T 

How th< : . velocity components u 1 and v 1 resulting from 
the vortex series can be calculated in a simple way with 
the aid of the 3etz graphs at sufficient points of the 
field. The flow diagram can be plotted after the addition 
of the velocity components v. 



In order to decide how the profile must be introduced 
into the flow, one must know hovr the field of flow appears 
when the vortex is absent at the point where the vane is to 
stand. One desires to remove the vane from the simple par- 
allel flow, i.e., by conforma! transformation and appropri- 
ately utilizes for this purpose the streamline diagram as 
it appears when the vane is not present (straight stream- 
lines and straight potential lines perpendicular to them). 
The other vortices are necessary, since the curved field is 
only created by them as a whole (being always infinitely 
many, notwithstanding the missing one). The Betz graphs 



N.A.C.A. Technical Memorandum "Fo . 722 



7 



are also used for the case wiien a vortix is missing, Fig- 
ure r i- Is the flow diagram of the series with one vortex 
mi s s Lag • 

b ) Pet e r in i a i ng the dimension ^ of the bas 1c _pro£il$ 

( s i n e van e i s r e^ t_ jA j^n .? i^L? 7 .^ ancL__t_r ^ \ s f e r_t.o — tjxe 

curyed fields- 4 single vane in a rectilinear flow is sub- 
ject o d to a { ' 1 iit M of 

4 - # w 0 r 6 a f e »t 

in which we have: 



w 



e » 



velocity of parallel flow in inf init j' (m/ sea) ; 
t, , chord of vane (in); 
c ^ , lift coefficient ; 



dens i t y of f 1 o w i n g me d into v g & e o- / sa 4 J • 
IJae circulation abdut each vane is therefore 

Pe 58 i c a W 6 t (1) 
On the other hand, the circulation about the guide vane is 

K « 8 r g*/"^ ^ 

Fhen w is the resultant velocity for before and behind the 
grid, '"Since, in conioraal transformation, the circulation 
is maintained, ve have 



3 c« 



w e t - s w c ,/T (S) 



according to equations (l) and(2X. The scale for the coordi- 
nates of the z and £ planes are so chosen that w e - 
w ' = w. We thus obtain the same coordinate systems in both 
planes at a great distance from the profile. Applying this 
to equation (o), we obtain 
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According 



to figure 



6, in which 



s » 



b sf 2 



(b « width of square channel, for which the grid series it 
calculated, measured normal to w; n = number of vanes, 
the inner and outer wall counting together as one vane), 



we have 



t = S-5- 

11 C fl 



(5) 



In order to obtain vanes with chords corresponding 

somewhat to 
do not need 
favorable . 



tested forms, we admit c a = 1.35. Then we 



to fear that the liit-drag ratio will be un- 
The correctness of this assumption is con- 



firmed by. tests, especially by photographs of the f low* • 

We will choose a profile form corresponding to the 
specifications in Kutte, vol. 1, 26th edition, p. 401, fig- 
ure 97. This profile form was determined by Eirnbanm (ref- 
erence 11) on the basis of a lift distribution which can 
be conveniently represented by a formula. If V is the 
circulation about the profile and k = dP/dx is the cir- 
culation per unit length, the distribution of the circula- 
tion over the vane clxord t is 



t sin (a + |3 - £*y) 

4 r 



S 111 



sin a 



£ ttV 1 ~ v~t~) " sin 1 



2 I 1 _-_ 2_x/ t 
TT J 1 + 2 X/t 



2_x Y 



2 /, _ /2_5V 
n v 7 V t / 



in which 



P - 1/4 + 



= 1/4 (V + y) 



(fig. 7). The theoretical lift is then 
c a = 2 tt sin (a + P - fey) 



*0n this high, 0- value is based, however, the marked dis- 
placement of the vortex e.g. which materially affects the 
result, as already mentioned* 
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and the moment coefficient is 



c m = ? Kin 



2 



(a +.2 p- 5/4 7) 



The theoretical, infinitely thin profiles have the advan- 
tage that no velocity changes due to the altered cross 
section need to he considered. One was chosen with the 
notations of figure 7, 

V = 12° % - 6° 

We then o'otain, for c a » 1.35, an angle of attack a = 
8 C 40 r and. a moment coefficient c m = 0.428. The center 

of pressure lies at x m ~ 0.317 t. 

Figure 6 shows the basic profile, thus plotted, at 
8° 40 T angle of attack with superposed square-mesh system 
and below it the mesh system of the grid flow in the re- 
gion of the omitted vertex. If it is observed that the 
center of pressure of the profile must coincide with the 
center of the omitted vortex, the transformation automat i- 
.cally follows with the aid of the mesh system and yields •' 
the "basic profile with an angle of attack of 64° 45 1 to 
the direction of the flow. 



3. Behavior of the Profile of First Approximation 



The test results (section III) shew that a profile 
was fount-, which very well satisfies the specified condi- 
tions of good distribution of the velocity and static 
pressure in the emerging .jet and involves minimuxa losses. 
Since, however, in order to obtain this result, still an- 
other change of 8.;';:. degrees is necessary, the agreement 
between the theory and tost results must be considered 
entirely unsatisfactory. Hence our next task is to dis- 
cover the cause of these discrepancies. For this purpose 
we will compare the measured circulation distribution with 
the theoretical . i ■ : 

The theoretical circulation distribution is known, 
since the equation for the profile form was calculated "by 
Birnbaum from a suitable assumption for the. lift distribu- 
tion. For the individual vane in rectilinear planar flow 
the lift is 
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or 



' t 

A-pw / k d x 
o 



if we again introduce 



i-E = k 
d x 



Figure 20 represents the circulation distribution in non- 
dimensional form as k/w. The abscissa x, which, theo- 
retically, is to be taken along the projection in the in- 
flow direction, is here taken approximately along the de- 
velopment of the profile. The theoretical distribution of 
the circulation along the development of the grid profile 
is then easily determined from the formula 

t T 

F = / v a x * / HI 

o o 

X, in this case, also being taken along the profile. We 
then have 

d r --kdx- K d X 



or 



K - 



d X 



a»<L 



^d_x 
w w d X 



Instead of an analytical transformation function, we use, 
just as in the transformation of the profile, the square- 
mesh system, taken directly from the distortion scale 
dx/dX for all points. 

The measured circulation distribution is derived in 

simple manner from the pressure distribution. If p ' 

d 

and p T denote the pressures on the pressure and suction 
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sides of an individual vane, then, for an element of the 
individual vane calculated alone the vane profile in par- 
allel planar flow with w as the velocity in infinity, 

d A -~ ( p ^ 1 ~ P s 1 ) dx-pwdT 



and 

i£ . k - nL-L-M. and n . MLl- |*I 

d x p w * P w ' 

Correspondingly, if d Py denotes the force acting 
on an element d X of the vane profile in the grid direc- 
tion, v the velocity normal to the grid direction, 6 
the angle "between the profile element and the direction 
of v, "and p d and p the respective pressures on the 
pressure and" suet ion° B ides , we have at the vane in the 
gr id 

A Fy " (Pd - P S ) d X cos 6= p v dT 

and 

d_T= E - Pd m cos 6 and 1 - ~ cos 9 
d x p v w p * » 

We must remember that the velocity component v normal 
to the grid is not constant. It is derived from the field 
of flow (in the region of the missing vortex) for each 
point of the contour. 

Prom the comparison of the circulation distribution 
measured at the grid vane with the theoretical (fig. 23) 
it appears that the circulation is considerably more con- 
centrated in the middle of the profile, while too little 
lift is generated in the forward portion of the profile. 
The after portion works approximately in the desired man- 
ner. 

These discrepancies are obviously due to the fact 
that, in the sharply curved flow on the forward portion 
of the vane, there is a strong pressure increase on which 
is superposed the pressure increase on the suction side 
of the normal vane which is installed in this flow. There 
is thus produced a pressure increase of such magnitude 
that the boundary layer is detached. On the leading edge 
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of the guide vane vortices are now produced which modify 
the pressure distribution until the pressure increase "be- 
comes normal. 

This change in the pressure distribution causes a 
rearward shift of the center of gravity of the vortex. 
Moreover, with the sharp curvature of the vane profile, 
the center of gravity of the vortex layer can no longer 
remain on the contour, as we could assume in the first ap- 
proximation for the "basic profile. 

Jot our theoretical calculation, it was only assumed 
that the concentrated vortices substituted for the vane 
lie in the circulation e.g. of the vane. Hence, if this 
e.g. is shifted, the vane must also he shifted, so that 
the e.g. pf the circulation distribution will be restored 
to its correct location. 

In figure 3 the dash line represents the profile as 
shifted by the amount of the travel of the e.g. The dis- 
placement must be effected by transferring the circulation 
e.g. (designated by Z in figure 8), as found on the vane 
profile, to the basic profile with the aid of the square- 
nesh system; letting this point Z coincide with the conter 
of the omitted vortex in the grid field of flow (Z 1 iden- 
tical with 0); and repeating the diagram with the aid of 
the :-aesh syctem. 

We thus obtain a profile with an angle of attack of 
58 degrees in the inflow direction, which is quite accu- 
rately congruent witii the original profile of first approx 
iiv.ation. The difference in the angle of attack- is only a- 
bout 2° 30' as compared with the correctly measured angle. 



4« The Profile of Second Approximation 

In deducing the profile of first approximation, it 
was assumed that, for calculating the field of flow in 
which the profile is installed, the vane with its circula- 
tion can be considered as concentrated in a point. Now th 
curvature of the streamlines determines the curvature of 
the profile. It could therefore be assumed that the con- 
centration of the vortex in a point is too inaccurate. 
Hence a second apv r oxima t ion was made for the vane form, 
in which a distribution of the circulation corresponding 
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to the actual relations (here appropriately the distribu- 
tion found in the first approximation) was taken as the 
basis. 

The field of flow was again calculated according to 
the above-mentioned Betz method, only with the difference 
that the interference velocities u and v for every 
point of the field first had to be obtained from an inte- 
gration of the elementary flows, each of which was derived 
from the elementary circulation d T of a vane (fig, 9). 
The field of flow, as thus calculated, is represented in 
the region of the missing vortex in figure 10 as a square- 
mesh system. In this system the profile of second approx- 
imation is plotted with consideration of the location of 
the vortex e.g. as determined for the profile of first ap- 
proximation. In figure 10 the vortex e.g. is assumed to 
be located on the contour. It is of no importance in this 
case, since the actual shifting into tne interior 0° the 
region included in the profile has already been allowed 
for in the plotting of the field of flow by the 1 location 
of the elementary circulations. We thus obtain a 56-degree 
angle of attack with the direction of inflow, while the 
experiments showed that the most favorable angle of attack 
for this profile was 55 degrees. 

On comparing the practically obtained circulation 
distributions for the profiles of first and second approx- 
imation (fig. 23), we find that no appreciably better ap- 
proximation of the circulation distribution to the the- 
oretically desired was not attained. Both profiles behaved 
almost the same. The error due to the concentration of the 
vortices is of no practical significance even for very pro- 
nounced vortices. 

As regards low resistance and uniform velocity distri- 
bution behind the guide vanes the profiles of the first 
and second approximation;: may be regarded as practically 
equivalent, the profile of first approximation having only 
a very slight aerodynamic super ior ity . 

III. THE EXPSRIHS1ITS 

i. Investigation of a - Deflection A&gla with Profiles of 
First Approximation Developed According to Section 
II la a ' S qua r e Tunn e 1 . 
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In judging a deflection corner with installations, we 
raust dipt ifcguisfc the influence of the installations from 
the influence of the •cross-sectional shape. With a square 
or rectangular cross section, we can, at least for the mid- 
dle section (parallel to the plane of the bend) calculate 
for an approximately two-dimensional flow, which had to be 
assumed in the theoretical treatment. A square section of 
200 by 200 millimeters was therefore chosen. 

The arrangement shown in figure 11 served for the in- 
vestigation of the corner in a square tunnel. Gruide vanes 
and several narrow-meshed pieces of wire gauze in the con- 
duit froxa the fan to. the test space insured uniform dis- 
tribution of t.he velocity over the -cross section (fig. 12). 
The portion of the.tuixnel before the-be,nd was made very 
short, in order to reduce the development of the boundary 
layers as much as possible. With a length of about 1.5 
times the width. of the tunnel, another test point for the 
pressure- p 2 could be ado.ed. 

At the test point for the pressure p " a strong 
brass plate had to be set into the tunnel wall, since the 
orifice in the original thin zinc Wg.ll did not prove suf- 
ficiently reliable and the slight local deflections of the 
wall affected the pressure indications considerably. At 
the corner a straight piece with a length equal to twice 
the width of the tunnel was added before the full blast 
was used. 

The vanes were mounted in a removable frame which en- 
abled their easy exchange and adjustment without taking 
• the whole apparatus apart and also greatly facilitated the 
'control of the accuracy of the worV. 

The n;oan velocity w in the experimental tunnel was 
about 28 m/s,_and the Reynolds Number was about 4 x 10 4 . 
T.ie velocity w was determined from the pressures p and 
p., (&g/m2) according to the formula 

VJ — j -_*_x. T 

J t p 

The value of X was fou.nd, from measuring the velocities 
la the cross section before the bend, to be 1.00*. 

On the basis of the c r o s s - s ec t i onal relations and the 
Bernoulli equation, the velocity in the center of the cross 
section wculd be k ~ 1.07. Due, however, to the retardation 
along the walls, the mean velocity was somewhat . smaller 
(fig* 12) , namely 1.00, as given above. 
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The velocity distribution behind the 'bend was deter- 
mined in the outlet cross section. There it could be as- 
sumed that the static pressure was constant throughout 
the cross section, so that the velocity measurements may 
"be considered very reliable. The Static pressure was also 
measured in a plane 20 pra behind the trailing edges of the 
guide vanes. For this purpose the measuring instrument 
had to he placed at 45 degrees to the tunnel wall. After 
various experiments the static-pressure indicator shown 
3n figure 13 was found to Ve the most suitable. 

In the investigation of the corner with profiles of 
first approximation ( fig. 14) , it was immediately evident 
that the"" first-calculated angle of attack of 64° 45 1 was 
too large. It was therefore gradually reduced to 56° 30 1 
as the most favorable angle. as shown in figure 15, a 
variation betv:een 56 and 58 degrees does not have much ef- 
fect on the velocity distribution, but pro'bably does on 
the distribution of the static pressure behind the vanes 
and on the pressure loss. 

Figures 16 and 17 show the respective velocity distri- 
butions behind a 90- degree elbow and behind a 90- degree 
bend without guide vanes. Comparison with figure 1§ very 
clearly shows the advantage of the guide vanes. 

At this point I will call attention to some fundamen- 
tal principles regarding the determination of the pressure 
and of the lost energy. In practical hydraulics it is 
customary for the calculation of the energy losses in 
fluid conduits to employ the resistance coefficient g of 
the " individual members (tube cross section, bends, etc.). 
This coefficient. £ indicates that the passage of a cer- 
tain amount of gas or liquid through any part of the con- 
duit requires a certain pressure difference A p equal to 
£ times the dynamic pressure q of the mean velocity W 
in the entrance cross section. q = \ p R 2 and w = 0,/F, 
where Q is the quantity of fluid passing through per unit 
of time (m3/soc) and F is the entrance cross section. 
Henc e , 

* i p w- 

According to what precedes, this formula for the pressure- 
loss coefficient is based on the unidimens ional viewpoint, 
i.e., as if the velocity v:ere uniformly distributed over 
the cross section. In a bend the different fluid particles 
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generally undergo very different energy losses, so that 
it may be necessary to alio?: for these differences in the 
determination of the energy consumption! 

The total energy content per unit volume is the to- 
tal pressure p + g p w ? , where p is the static pres- 
sure and p w 2 is the dynamic pressure. The elementary 
outputs are the quantities of energy per second flowing 
past the individual points. They are represented by the 
formula - ' 

(p + ~2 P w 2 ) wdF 

in which the unit is (mkg/sec). The total energy loss, 
as based on the. momentum before the corner, is 

[/(-2T^ B dF)] before bend 

It is seen that, with w and p assumed to be constant 
throughout the cross section, the equation passes into the 
e.xp re ssion for £, 

The coefficient of loss K is important, when it is 
desired to allow for energy transformations which affect 
the nature of the flow, For the deflection angles tested 
in this investigation, it is only necessary to use the 
los^; coefficient £, since the deflection does not appre- 
ciably affect the nature of the flow. 

For the most favorable angle of attack of 56° 30 1 , 
the coefficient of resistance was £ = 0.134. This high 
value is due, however, to the insufficient length of ap- 
proach for eliminating the strong initial disturbances of 
the flow. For the calculation of the resistance of con- 
duits with built-in elbows, this value seldom comes in 
qu e s t i o n . 



2. Pr essur e-Dis tr ibut ion i.leasur ement s at the Exit Profile 
and at the Profile of First Approximation. Total Pressure 
Distribution in the Vortex frail* 

§l1?X£5.su r e ; - D i s t r i hu t i o n .Measurements . - For j u dg'i ng 
the behavior of the profiles, it was necessary to compare 
the actual circ- la t ion distributions wit*..: the theoretical. 
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The actual circulation distribution Was determined, as al- 
ready described, from the pressures measured on the sur- 
face of the profile. 

It seeded desirable at first to verify experimentally 
the circulation distribution of the basic profile (individ- 
ual vane in parallel rectilinear flo-0. » Since however, it 
was to be expected from the. outset that, for an individual 
vane, such -a' high value of c a (1.35) as was adopted for 
the design of the guide vane/ due to the separation phenom- 
ena on the suction side, could no longer be attained (at 
least not with the theoretical angle of attack), the com- 
parison between. the theoretical circulation distribution 
and that determined experimentally with the help of pres- 
sure-distribution measurements was made with a theoretical 
c = -1.00. In order to measure the surface pressure at the 
exit profile, a double-wailed model of the profile was made. 
The chord t was 175 m:n; the span, 250 mm; and the thick- 
ness, about 3 mm (figs. 18 and 19). The middle section was 
provided with test holes of 0.5 mm diameter, which "ere con- 
nected with brass tubes. From these brass tubes, rubber 
tubes led to the tubes of a multiple manometer. 'The read- 
ings were made by photographing the manometer tubes together 
with the accompanying scale. Terminal disks of 210 mm diam- 
eter- were attached to the ends of the vane, in order to ob- 
tain a smooth flow. Figure 18 shows the suspension of the 
vane in the wind tunnel, the nearer terminal disk having 
been removed in order to sho~: the vane. The angle of at- 
tach was regulated by turning the bars on the outer sides 
of the disks about their pivots. 

In figure 20 the upper curve represents the theoreti- 
cal circulation distribution for c a - 1.25; the middle 
curve, the theoratical distribution for c 1.00; and 
the bottom curve, the theoretical distribution for c a - 
1.00 and the angle of attack a - 5° 30 1 # 

Trie comparison of the theoretical with the measured 
circulation distribution shows tnat tne character of the 
t^o curves is much the same, excepting that the c a value 
found by planimetry is only about Go percent of the the- 
oretical. This observation that the ? integration, of tike 
pressures along the surface of the vane yields a consider- 
ably lo-er lift than the theoretical, agrees with the ear- 
lier observation by Betz (reference 12). This is chiefly 
due to the surface friction. An enlargement of the end 
disks would only lessen the induced drag, but have no ap- 
preciable effect on the magnitude of the lift in the middle 
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section. That here only about 65 percent of the theoret- 
ical lift was obtained (instead of 75 to 80 percent, which 
can ordinarily be assumed) is probably due in part to the 
fact that a plate-like profile, such as used here, offers 
more resistance than the customary wing profile. 

For the grid flow, despite this discrepancy, we must 
at first calculate with the theoretical lift distribution. 
Due to the different nature of the pressure increases, etc. 
the behavior of the boundary layers will be quite different 
Our task is therefore to study these effects. Due to the 
pressure drop in the vicinity of the trailing edge of the 
vane, it is probable that, where we have the maximum devi- 
ations from the theoretical values for the isolated vane, 
we obtain only a small error for the assembled vane. The 
following comparison of the total-pressure measurements 
behind the trailing edge of the isolated vane and of the 
assembled vane, will show how much less the disturbance 
due to friction (separation) is in the grid. 

A special model according to figure 21 was made for 
measuring the pressure distribution on the guide vanes, 
since the dimensions of the wind-tunnel model were too 
small for this purpose. It consisted of five vanes, which 
were mounted between top and bottom plates at intervals 
of 85 mm and could be rotated. The grid model correspond- 
ed exactly in scale to the model of the individual vane. 
The middle vane was made hollow and was provided, in its 
middle section, with a series of 0.5 mm holes. The diam- 
eter of the air jet directed against the vanes was 300 mm, 
and the distance between the top and bottom plates, re«* 
quired to produce a smooth flow, was 250 mm. The direc- 
tion of the deflected air flow was read on an angle scale 
with the aid of three silk threads at three different 
heights. 

Figure 22 shows the pressure distribution on the sur- 
face of the grid profile of first approximation for three 
angles of attack. The 90-degree deflection was effected 
for a = 56° 30 1 in absolute agreement with the measure- 
ment in the closed tunnel, i.e., the deflection was pro- 
duced entirely by the guide vanes without the assistance 
of the walls. The circulation distribution (fig. 23), as 
calculat ed from the pressure distribution, and the conclu- 
sions deduced will be ,;iv(,u in section II, 3. 

b) Total -p ressure s * E 1 ^2 11 9Jk ^1A.J^1^J1^L^?.^^L^L1. ■ ~ 
The loss of energy in the air stream after passing the 
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prof He is a criterion for the losses through friction 
(separation). It is therefore possiole to determine the 
frictional losses by determislin^ the total pressure in a 
cross section of the vortex trail (reference 13). The in- 
vestigation of the vortex trail was undertaken with the 
models used for determining the circulation distribution, 
since the vanes in the closed tunnel were too small for 
this purpose. 

The measuring plane, both for the individual vane and 
for the grid as a whole, was- 15 mm hehind the trailing 
edges. The results are plotted nondimens ional ly in figure 
24. The total energy loss from surface friction and sepa- 
ration is represented by the area "between the line corre- 
sponding to the total pressure before the vane 

( Jl-l9.k -I s ) and the curve for the total pressure behind 

p i * 

the vane . 

Th6 total pressure behind the individual vane was 
measured at 5° 30 1 angle of attack, the same angle at 
which the pr e s sure- di s t r ibut ion measurements were made, 
so that the circulation about the isolated vane correspond- 
ing to c a t - ieor = 1*00 133 the ratio 6.SO/S.88 was smaller 
than the circulation about the assembled vane. It is rec- 
ognized that, despite the smaller circulation, the loss of 
energy from profile resistance is greater for the isolated 
vane than for the assembled, vane. Hence even here we find 
our original assumption confirmed that the vane in the grid 
can withstand a relatively heavy load without producing un- 
favorable resista ice conditions. 

The loss through friction and separation on the vanes, 
as determined by planimetry of the loss areas, is only a- 
bout 5 percent of the momentum, while the pressure loss 
measured in the closed tunnel is %3 to 14 percent. The 
principal losses do not therefore depend on the lift-drag 
ratio of the vane profile;, so that no appreciable reduction 
of the losses can be expected from a further inprov^ment of 
the profile, 

3. Experimental Investigation of the Profile of Second Ap- 
pro ximat ion 



The experimental investigation of this profile (fig. 
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25) corresponded exactly to that of the profile of first 
appr oximat ion . The theoretical investigation yielded an 
angle of attach of 56° for the profile of second approxi- 
mation with consideration of the trevel of the circulation 
e.g. produced "by the high c a in conjunction with the 
sharp curvature and confirmed in ihe first approximation. 
The most favorable distribution of static pressure and ve- 
locity throughout the cross section "behind the vanes, with 
simultaneous minimum pressure loss, was obtained at an an- 
gle of attack of 55° (fig. 26). The coefficient of resist- 
ance is 0.133, i.e., somewhat larger than for the profile 
of first approximation (0.134). The course of the pressure- 
distribution curve, which is less uniform on the suction 
side of the profile of second approximation (fig. 27) than 
for the jBixfst approximation, likewise indicates a certain 
superiority of the profile of first approximation. In like 
manner the result of the total-pressure measurement in the 
vortex trail shows a somewhat greater resistance (fig. 24). 

4. Experiments with Other Deflection Angles and Groups of 

Deflection Angles* 

a)Exp er iment s w ith o t her de f lection angle s** « - In ad- 
dition to deflection angles of SO degrees, tests were also 
made at angles of SO, 45, and 30 decrees (figs. 23-30), the 
profiles "being made according to the first approximation. 
For the deflection of 50 degrees, the calculation was made 
with c = 1.35, while, for deflections of 45 and 30 degrees 
the profiles were "based on c a = 1.00, since otherwise the 
vanes would not have been close enough. 

The velocity and pressure distributions are represented 
in figures 31-33. 7or losses and angles of attack, see 
table in section IV. It is noteworthy that, at 30 and 40 
degrees deflection, no change from the theoretical angle of 

♦The experiments of this section were performed by Dr. 
Flachsbart, to whom I am greatly indebted for the use of 
the experimental results., 

**?he experiments in this section were tried at the sugges- 
tion and under the direction of Dr. Flachsbart, to whom. I 
am greatly indebted for the privilege of using the results. 
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attack is required. This means that, at the larger angles 
of attack, the marked discrepancies are attributable, at 
least in part, to the high c a . On the other hand, the 
curvature" of the streamlines is here considerably less, so 
that a shifting of the profile along the streamlines does 
not affect the angle of attack so much. 

b ) Experiment a _w i t h_gr oup s o f _ def lect ion angles . - Th e 
fc$a.fce of flow is known to be affected for a long distance 
by a normal bend or elbow in the adjoining conduit. If, 
e.g., a second bend is introduced into the conducting sys- 
tem before the disturbance has died out, this second bend 
will have a different coefficient of loss from the first, 
which has an undisturbed inflow*. 

The better the deflection in our sense is, i.e., the 
less the nature of the flow is changed, just so much less 
the mutual influence will be. In the ideal case the coef- 
ficients of loss, even at short distances between the in- 
dividual angles, must simply be added. 

The following group arrangements 

2 X 90° 2 X 45° 3 X 60° 

were investigated with the profile arrangement calculated 
according to the first approximation (figs. 34-35). The 
loss coefficients (see table), in all three arrangements, 
are smaller than the sum of the loss coefficients of the 
corresponding individual angles. This result is acciden- 
tal, as shown by subsequent control tefsts at the individ- 
ual angles of a group. The above- found energy losses for 
individual angles are not absolute minima, but can be re- 
duced in certain cases by particularly careful finishing 
of the guic.e vanes in the workshop. In the groups there 
were some angles which caused somewhat less energy loss 
than the previously tested individual angles. 

5. Ninety-Degree Deflection in Tunnel 
with Circular Cros<j Section 



The difference in the behavior of deflections of dif- 
ferent cross-sectional shapes depends on the different de- 

*In this connection, numerous tests have already been made 
by weisbach ( reference 14) . 
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velopment of the secondary currents (reference 15). The 
latter consist essentially of double vortices produced "by 
the friction, with their axes in the direction of flow. 
Their unfavorable effect on the pressure loss in bends is 
due to the fact that they converge the boundary- lay er ma- 
terial, especially that retarded by friction, on the inner 
wall of the bend, where there is already a tendency toward 
separation, thus greatly promoting separation and the for- 
mation of vortices. 

If it is now possible, through' suitable devic es (guide 
vanes or the like) to restrict the separation on the inner 
wall, as likewise the formation of the secondary flow, to 
the rear part of the bend, the effect of the cross-sectional 
shape on the resistance will disappear. 

The profile of first approximation was selected for 
the installation in the bend of the tunnel of circular 
cross section, becaiise it showed the least resistance of 
any of the profiles tested. The test fully confirmed the 
above considerations (fig. 37) and yielded exactly the same 
result as for the installation in the square tunnel, namely 
the angle of attack of 56° 30 1 , and almost the same loss 
coefficient (0.135 instead of 0.134). The cr o s s- s ec t ional 
shape does not affect the; behavior of the deflection with 
favorable pr of i les . 



6. Taking Flow Pictures 



The arrangement shown in figure 38 served for obtain- 
ing photographs of the flow through the grid. A channel 
of 200 mm width was set in a water tank about 200 mm deep. 
The guide vanes were those of first approximation, the an- 
gle of attack being 55° 30 1 . The second bend in the chan- 
nel (on the right-hand side of the picture) did not serve 
for observations, but was necessary for conducting the wa- 
ter smoothly through the channel. 

The direction of the flow was rendered visible by 
means of fine aluminum powder sprinkled on the surface of 
the water, which had to be colored red to prevent reflec- 
tion of light from the bottom of the channel. Figure 39' 
is a picture with the complete row of guide vanes, while 
in figure 40 one of the vanes in the middle had been re- 
moved, in order to create conditions similar to those on 
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which the calculation was based. Pictures thus obtained 
cannot he expected to furnish a perfectly accurate basis 
for checking the calculation. The omission of one vane 
changes the circulation about the neighboring vanes, though 
the theory requires all vortices to be of equal strength. 
The neighboring vanes should therefore have been shifted 
so as to* restore the original circulation. The developing 
of marked vortex formations on the backs of the neighbor- 
ing inner vanes, however, made this impossible from the 
outset. 

During the experiment it was observed that, with the 
great density of the powder required for the large area 
to be photographed and by the corresponding distance from 
the camera, the scattered particles, despite all precau- 
tionary measures such as paraffining the wails and the 
vanes, showed so great a tendency to accumulate on one side 
or the other of the channel that sometimes the streamlines 
on the surface differed noticeably from the deeper flow as 
recognized by direct observation of the added coloring mat- 
ter. Therefore the pictures give only a relatively rough 
idea of the actual conditions, but are nevertheless very 
instructive. The narrowness of the wake and of the vortex 
trail behind the vanes is particularly noticeable. 



IV. SUMMARY AND CONCLUSIONS 



The results of the investigation may be summed up as 
follows. By taking as the basis profiles with high c a , 
such as have proved practically favorable, it was not pos- 
sible to find a satisfactory form of grid simply on the as- 
sumption that the flow is potential. The requirements 
called for the most uniform possible velocity distribution 
behind the bend and the smallest possible losses. In order 
to meet them, it was necessary to take friction and its ef- 
fects into account. The pressure increments in the flow, 
modified with respect to the conditions for a r.imple air- 
plane wing, change the separation phenomena with the chosen 
high c a , so that the center of pressure travels rearward. 
By taking this into account, a satisfactory agreement is 
obtained between the theoretical consideration and 'the ex- 
perimental results. It may be assumed, with the choice of 
a more suitable exit profile-, which (with the center of 
pressure farther rear^.varci at the outset) .yields a more fa- 
vorable pressure distribution on the forward, part of the 
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grid, that better agreement will "be obtained between po- 
tential theory and reality. At low c a (30 and 45 de- 
grees deflection) we obtain, according to the potential 
theory, results which require no ftttther correction. 

The state of the jet leaving the grid differs so 

little from that before the bend that several deflections 

may occur closely behind one another, without their be- 
havior being materially influenced. 

As a further result of the fact that the nature of the 
jet is not changed in passing through the grid (i.e., that 
no appreciable separation from the inner wall of the bend 
nor formation of secondary vortices occurs), it was found 
that the cross-sectional shape of the channel (excepting 
extreme forms) has no perceptible effect on its behavior. 

The table contains a summary of the vane forms tested. 
From it the calculated and the experimental angles of at- 
tack and the loss coefficients can be taken. Furthermore 
the loss coefficients, which were obtained without the in- 
stallation of vanes, are included. 

In figures 14, 25, 28, 29, and 30 the forms of angles 
tested are represented with the installations in their fi- 
nal position. Figure 41 shows the profiles of first ap- 
proximation with their principal dimensions, based on the 
distance between the vanes, for the various angles of at- 
tack . 

What improvements with respect to the energy loss are 
to be effected by the installation of guide vanes, are 
shown by the graphical comparison of the loss coefficients, 
from the most important energy measurements in bends and 
elbows with the loss coefficients found for various deflec- 
tion angles after the installation of suitably shaped guide 
vanes (fig. 42). In addition to the recent measurement by 
Ilirchbach (ref. 16), the previous measurement by Weisbach 
(ref. 17) is included, since the Weisbach values are still 
commonly used in practice. The resistance coefficients 
for elbows with square cross section were obtained from the 
same models, which served for the investigation of the de- 
flection angles with vane grids. They were included for 
the sake of completeness, although, due' to the short out- 
let, they could make no claim to general applicability. 

For bends in cylindrical tubes, we have plotted a 
series of measurements by Hofmann (reference 18), which 
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includes "bends of various bending ratios 1/ d and various 
degrees of roughness but only one deflection angle (90 de- 
grees), and also a series of measurements by Bouchayer 
(reference 19) with only one bending ratio, but various 
deflection angles. Bouchayer 1 s experiments were made with 
power-plant pipes, which were quite rough but probably 
corresponded well with normal conditions. 

If it is desired to keep the energy loss as snail as 
possible, guide vanes pan be advantageously installed in 
elbows down to about 30 decrees deflection angle, when the 
elbow cannot be replaced by a bend of adequate radius. If 
a velocity distribution of greatest possible uniformity 
behind the deflection is desired, the installation of a 
vane grid may be justified for even smaller deflection an- 
gles. 

A uniform velocity distribution in the inflow is as- 
sumed for small energy loss in deflections with the aid 
of guide vanes in every case according to direction and 
magnitude. 



Translation by Dwight M. Miner, 
National Advisory Committee 
for Aeronaut ics . 
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.TABLE 



Angle of 
deflection 


Shape of 

cross 
section 


Form of grid 


Angle oi 
theoretical 


attack 
experimental 


Coefficient 
wi In 

guide 


of resistance 

without 
vanes 


90° 
SOO 


Square , profile of 1st 

approximation 
Square Profile of 2nd 
1 aporoximati on 

I 


64° 15 ! * 

and 59° 

560 


56° 30' 

550 


0.134 
0.138 


1.63** 
1.63 


900 


Circular | profile of 1st 
| approximation 


59° 

1 


■ — - 1 — | 

56° 30 ■ 


0.136 


1.0 




6C° 

45^ 
30° 


Square | profile of 1st 
i approximation 

Square ! Profile of 1st 
| approximation 

Square ! Profile of 1st 
j approximation 


43°* 

S3 0 15«* 
8g° 30'* 


38° 

33° 15< 

22° 30 ! 


0.146 
0.142 
0.100 


i.oa 

0.53 
0.15 


2 x 900 

2 x 45° 

3 x 60° 


Square 
Square 
Square 


! 

Profile Of 1st 

approximation 59° 
; Profile of 1st j 

approximation 33° 15 f * 
: Profile of 1st 

approximation 43°* 


560 30' 
33 0 i k r 

38° 


1 1 

0.260 
0.266 
0.304 




90° 
bend 

Il0.7 
b 


Square 


i 1 

Partitions 

1 

! 




0.24 


1.10 



tea 

. 

o 



f-3 

CO 

o 

& 

H- 

o 

09 

m 

CD 

& 
O 

ft 
t 



->3 

CO 
CO 



♦Calculated without taking into account the displacement of the circulation e.g. 
**Too high, due to the inadequate length of the outlet channel. 
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Figure l.-3en& with partitions. 



Figures 2a, 2b. -Deflection "by 



^ui&e vanes. 
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Figure 4. -Velocity 

component s 
near votices. 




?i^are 7.-3irnT3aum l s profile With variable curvature. 
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1, Theoretical center of pressure of basic profile ,0. 
2. Point in _ ^ 



field of 
basic 
profile 
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Figure 8. -Basic profile and construction of profile of fitst approx- 
imation. 
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Figure 9. -Distribution of circulation over chord of guide vane. 
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Figure 10. -Construction of profile of second approximation. 
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^ure 11. -Apparatus for measuring distribution of velocity and static pressure. 
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Figs. 12,13,14 
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Figure 12. -Velocity distribution before deflection. 
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Figure IS. -Device for measuring static 
pressure close behind grid. 
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Figure 14.-90° deflection, 

profile of 
first approximation. 
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Figure 16. 90° def lection (elbow) without guide vanes .Tel. distribution. 
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Figure 17. 90° deflection(bend) without guide vanes. Vel. distribution. 
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Figure 18.- Apparatus for measure - 
ing pressure distribu- 
tion on basic profile (nearer disk 
removed) . 




Figure 31.- Apparatus for measure- Figure 38.- Apparatus for taking 

ing pressure distribu- flow pictures, 

tion on gird profile. 
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Figure 39.- Flow through gird. Figure 40.- Flow through gird? 

Profiles of first one vane removed, 

approximation. 
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Figure 19. -Basic profile. Pressure distribution. 
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Figure 20.-3ardc profile. Circulation distribution. 
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Figs, 22,: 
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Figure 22. -Profile of first approximation. Pressure distribution. 
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Figures 23a, SSb-Circulatlon distribution of profiles. 
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figs* 24,25,26 
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figure 25. 90° deflection. 

Profiles of 
s e c o nd apT5 ro xi ma t i o n . 
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Figure 26. 
90° deflec-' 
tion. 

Profiles of 
second approx- 
imation. 
Velocity and 
pressure 
distribution. 
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Figure 27. Pressure distribution. Prof ile 
of second approximation. 




Figure 29. 45° deflection. Profiles 
of first approximation . 



Figure 30 f 30° deflection. Pro- 
files of first 
app r o x i ma tic n . 
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fig®* 31,32 
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Figura 31. 60° deflection. Profiles of first approximation. Velocity and 
pressure distribution. 
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Figure 32. 45° deflection. Profiles of first approximation. Velocity and 
pressure distribution. 
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Figure 33. 30° deflection. Profiles cf first approximation. Telocity 
and pressure distribution. 
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Fig-are 34. 2 x 90° deflection. Profiler oi first approximation. Velocity 
and pressure distribution. 
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Fige. 35,36,37 



Figure 35. 2 x 45° 
deflec- 
tion, Prof iles of 
first approx- 
imation. Velocity 
and pressure 
distribution. 



1.5" 



1.2 



2 0.8 
w 



0.4 + 



fat"* 
IL 



a 



r 



! ! 



r _.... 



l i 

x 1 



Pet 



Figure 36. 3 x 60° 
deflec- 
tion. Profiles of 
first approx- 
_ \| ima t i o:i . V el o c i ty 
I and pressure 
distribution. 
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Fig$« 41, 



90° deflection 
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s = distance between vanes in direction 
of grid. 



Figure 41. -Profiles of first approximation for grid 
angles of deflection. 
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Figure 42. -Resistance of variour, dof lections. 



